Abstract
Introduction 43
The genesis of rock varnish has been a matter of debate since 1812, when Alexander von Hum-44 boldt first observed it at the cataracts of the Orinoco River (Von Humboldt and Bonpland 1819, Dorn, 45 Krinsley et al. 2012 ). Meanwhile, similar rock varnishes have been observed in a wide variety of terrestrial 46 environments and there have been quite a number of studies discussing the origin of these coatings. Both biological and inorganic processes, as well as a combination of both, have been suggested.
48
Rock varnish is a black, sometimes red or brown, shiny layer on rock surfaces, present on slowly 
56
Manganese has an abundance of 0.1% (as Mn oxide, MnO) in the upper continental crust, while it 57 is enriched up to 40% (as MnO₂) in rock varnish (Rudnick and Gao 2003) . Therefore, it has to be preferen- 
66
limate archive Adams 1978, Liu and Dorn 1996) . Since there are almost no climate archives 67 present in deserts, especially beyond the range of ¹⁴C dating, rock varnish might be an important tool in 68 bridging this gap (Broecker and Liu 2001 ). An understanding of its genesis is therefore required.
69
Estimates of the growth rate of rock varnish vary between 1 and 640 µm per 1000 a (Liu and 
73
Many studies on varnish and its composition have been published (Reneau, Raymond et al. 1992, 
78
Since varnish is a micrometer-scale, thin crust, the aim of this paper is to combine different microana- 
85
-an electron probe microanalyzer (EPMA) yields major element measurements at a scale of a few 86 micrometers,
87
-scanning transmission X-ray microscopy-near edge X-ray adsorption fine structure spectroscopy
88
(STXM-NEXAFS), using focused ion beam (FIB) milled ultra-thin sections, contributes element dis-89 tribution mappings at the nanometer scale.
90

Analytical methods
91
Samples 92
Rock samples covered with varnish were collected at different sampling sites in the Mojave Desert
93
(California, USA, Fig. 1a) , the Negev Desert (Israel, Fig. 1 b) , and the Knersvlakte (South Africa, Fig. 1 (Fig. 2 a) , whereby cross-sections through the sedimentation sequence were 125 exposed, similar to the procedure described by Reneau, Raymond et al. (1992) . All thin and thick sections 126 were prepared in an enclosing resin prior to thinning. (Fig. 2 b) , located by scanning electron microscopy (SEM) (Fig. 2 c) , and milled by a Ga + ion beam 131 (Fig. 2 d) . 
110
Imaging 137
A Leica DM RX polarizing microscope was used for the investigation of the varnish structure in 138 thick sections and to observe ablated line scans subsequent to the analysis (Fig. 3) . The underlying rocks 
9
Important parameters of the ICP-MS and the lasers are listed in Tables 2 and 3 . Laser ablation was con-161 ducted in a New Wave Large Format Cell in a He atmosphere. This carrier gas was mixed with an Ar gas 162 flow to transport the aerosols generated by ablation. The washout time was about 30 s and the blank 163 count rate was determined prior to each ablation for about 15 s. 
164
186
The element concentrations were determined by measuring the ion intensities of the elements of 
193
The concentration of an element of interest, EL, (mfEL) was calculated by a procedure described in Table 4 . The DLs ranged between <0.01 -1100 µg g -1 and 1 -26 µg g -1 using 201 spot sizes of 40 µm and 10 µm and scan speeds of 1 µm s -1 and 5 µm s -1 , respectively (Table 4) . 
Electron probe microanalysis 207
Quantitative measurements of major element concentrations were conducted at the Institute of
208
Geosciences at the Johannes Gutenberg University (Mainz, Germany) using a JEOL JXA-8200 electron mi- 
234
The STXM-NEXAFS analysis was conducted using two X-ray microscopes: (i) the X-ray microscope 
Results and Discussion
246
Imaging 247
Microscopic investigations revealed that the maximum thicknesses of the coatings, deposited on 248 different underlying rock types varied between 50 and 300 µm (see Table 1 ). They also show that the 249 varnish covers topographical highs of the sample surfaces, but is thicker in the micro-basins (Liu and 
250
Broecker 2013). The varnish material fills cracks and fissures, intruding into the underlying rocks.
251
Internal structures of the varnish coatings were studied for comparison and characterization.
252
Since these structures are µm to nm in size, they were visualized by the highly resolving techniques of 253 SEM, using backscattered electron (BSE) images on FIB slices, and EPMA, on thin sections. In the micro-254 scopic view, cross sections of the South African varnishes revealed stromatolitic structures (Fig. 4 a) 
256
were identified within the South African varnish coating SA13 mM-f (Fig. 4 b) . Furthermore, up to 10 µm (Fig. 4 a) . Mineral grains, which are only a few microme-264 ters in size, are incorporated in the varnish coatings IS13 V3 and V1. Close to the contact with the coating,
265
cavities are present within the varnish and the underlying rock (Figs. 4 c, d ). These cavities and mineral 266 grains can also be observed in the Californian varnish coating CA14 JC-8 (Fig. 4 f) . The Californian coatings 267 are dark brown and have smooth surfaces. Sample CA13 DV1 displays a wavy internal varnish structure in 268 contact with the underlying rock, which is covered by flat deposits (Fig. 4 e) . The interpretation provided 269 by Reneau, Raymond et al. (1992) , who suggested a higher trapping efficiency and higher accretion rates 270 for rougher, lower surfaces, which decrease to the top, producing smoother surfaces over time, seems 271 suitable to these observations. The Californian samples exhibit multiple underlying rock types, magma-272 tites, metamorphites, and sediments (see Table 1 ). All varnish coatings contain cavities and cracks, but 14 while the cavities are < 0.5 µm for the Israeli and Californian samples, they can be up to 1 µm large in the 274 South African samples. However, it cannot be excluded that the cracks are partially preparation artifacts. 
314
The element abundances agree well with literature values of rock varnish ( 
364
Therefore, 7 to 15 high resolution MnO2 and Fe2O3 profile measurements were conducted on each 365 varnish thick section (Fig. 3) . The profile patterns vary within each sample, a variation that might be influ-
366
enced by the deposition process, but also by sample inhomogeneities, such as thickness differences, cavi-367 ties and mineral grain inclusions (see Fig. 4 ). Although there is a large scatter in the profile measurements,
368
it is insignificant compared to the differences between the three sampling locations. This is shown in Fig.   369 20 8, where for each location one profile is plotted, representing a "typical" profile of the location (Figs. 8 a, 
378
The typical Californian profile (Fig. 8 b) shows a high Fe abundance (about 20%) close to the un- 
382
creases significantly to 25% (no.2 in Fig. 8 b) . At the outer rim of the varnish, MnO2 and Fe2O3 have ap-
383
proximately the same abundance, with high Fe2O3 and MnO2 concentrations of up to 50% (no.3 in Fig. 8 b) .
21
The Israeli samples (Fig. 8 c) show variations of the MnO2 values with significant peaks for Mn 385 and Fe. They reveal a higher total value of Fe2O3 throughout the profiles than the Californian samples.
386
Manganese and Fe show common highs for some peaks, but for others, especially in the youngest and 387 oldest varnish layers, Fe is enriched without a simultaneous Mn enrichment at the same location. The
388
South African profiles (Fig. 8 a) show significantly higher abundances of MnO2 compared to Fe2O3. The
389
MnO2/Fe2O3 ratios are about 40 (Fig. 8 d) , and for some samples even up to 180 (not displayed). These 390 profiles show no recurring peaks at the same distances from the rim that could be used as paleoclimate 391 indicators. The profile patterns here might mostly depend on mineral inclusions and cavities, both of 392 which are highly abundant in the South African samples (Figs. 4 a, b) . These South African rock varnish 393 samples show therefore no internal Mn-Fe-rich VMLs (varnish microlaminations).
394
Major element analysis by electron probe microanalysis 395
The spatial resolution of the electron probe microanalysis is higher (~2 µm) than that of the fs LA- 
410
SiO2 value of the underlying rock (Fig. 9) , in contrast to the conclusions stated by Engel and Sharp (1958) .
411
This is especially obvious for the samples IS13 V1 and SA13 mM-f, where the quartzite in contact with the 412 coating has a composition of almost 100% SiO2. 
420
Element distribution maps 421
For each location, one or two samples were prepared as ultra-thin FIB slices to analyze the distri- 24 grains (~500 nm) are mapped in sample IS13 V1 (Fig. 10 a) , whereas cavities are rare in this sample. The 
440
( Fig. 10 d) . This feature is distinct from the samples collected in California (Fig. 10 e) and South Africa (Fig.   441 10 f), where carbon occurs in layers or chaotic patterns.
442
The cavities in the underlying rock of sample IS13 V1 also show linings of Mn and Fe, and similar
443
cavities were also observed in the Californian FIB slice, with similar element abundances (Fig. 10 g ). These 
448
The Californian samples display homogeneously distributed cavities inside the varnish ( 
456
rippled layers or chaotic structures (Fig. 10 e) . These bands are layers with higher abundances of organics,
457
which could be residues of organisms that grew on the former varnish surfaces, as proposed by Wang, 
466
ple, but is especially enriched in the lining of cavities (Fig. 10 f) . A possible interpretation is that the cavi-467 ties were formerly filled by organic material that decayed leaving cavities with organic C signatures at 468 their rims. 
487
The Israeli and Californian samples seem very similar regarding their elemental composition at the 488 10-40 µm scale, but differ for selected elemental abundances, such as Ni and Pb (Fig. 7) . The Californian 489 samples can furthermore be subdivided into California A and B, based on their elemental abundances.
490
Interestingly, these two groups were collected from two differing sampling areas within California, which 491 are located 120-250 km apart from each other (see Table 1 ). An explanation might therefore be a slightly 
537
The profiles vary within one location and even within one rock, and differ significantly between different 538 sampling countries.
539
The differences in structure and chemical composition found in our samples suggest at least two dif- 
